Abstract: Separation by IMplantation of OXygen (SIMOX) 3-D sculpting is considered as a new method for 3-D strain engineering in buried silicon waveguides. A model capable of analyzing the stress distribution and strain gradient of buried silicon waveguides is developed. The modeled stress shows agreement with experimental measurements obtained using Raman spectroscopy. Our method not only provides a new way to engineer strain in silicon but allows for the integration of strained-silicon-based devices with other optical and/or electronic devices on the same substrate as well, improving the device density and enhancing the functionality of the optical chip.
Introduction
Silicon photonics is one of the active disciplines in integrated photonics, and it has tremendous potential to integrate electronic and optical devices on one chip [1] . Strained silicon is a major subject of silicon photonics, and it has gained interest for many years, both in the fields of electronics and optics. In electronics, strain is used to improve transistor electron mobility [2] . In optics, strained silicon is widely investigated as a new electro-optical material [3] - [14] . Many scientists believe that, by depositing a straining layer of silicon nitride on top of silicon, the inhomogeneous strain breaks the symmetry of silicon's crystal lattice, and induces a second order optical nonlinearity in silicon, which is the active ingredient in electro-optic modulators [3] - [8] . Meanwhile, the positive fixed charges at the Si/SiN interface causes a strong electrical-field-induced-second-harmonic contribution, and this contribution adds constructively with the inhomogeneous strain for an additional enhancement of the effective second order optical nonlinearity [9] . Furthermore, free carrier inside the strained silicon contributes to the Pockels effect, and it may be a source of second order optical nonlinearity [10] , [11] . The belief that strain creates second order optical nonlinearity yet to be proved or fully described theoretically, and there exist large discrepancies between theoretical and experimental second order optical nonlinearity values [12] - [14] . Other promising applications of strain in silicon is to control birefringence of a silicon optical waveguide to achieve phase-matching [15] , [16] or eliminate the modal birefringence in silicon waveguides [17] . The two reported methods of inducing strain in silicon are (1) growing silicon on a silicon-germanium buffer layer and (2) adding a straining silicon nitride layer on top of silicon. However, the work presented in this paper offers a new method to engineer strain in silicon, which should prove useful to this community and others.
Separation by IMplantation of OXygen (SIMOX) is a well-established commercial technology used to realize a buried oxide layer and create silicon-on-insulator (SOI) wafers used in both electronics and optics. A modified form of conventional SIMOX, known as SIMOX 3-D sculpting, was first reported by our group [18] . SIMOX 3-D sculpting is a CMOS-compatible technique, which can produce complex 3-D optical structures beneath the electronic device layer, so it allows for vertical integration of the optical and electronic devices on the same substrate. A variety of optical devices including buried silicon waveguides, vertically coupled microdisk resonators, and add-drop multiplexers have been realized using this technique [19] , [20] . SIMOX 3-D sculpting can realize buried silicon waveguides, however, the extent to which the technique can induce stress in buried silicon waveguides is unknown. However, the presence and analysis of stress in buried silicon waveguides are important, as mentioned previously.
In this paper, we show, for the first time, that SIMOX 3-D sculpting can cause stress in buried silicon waveguides which are also formed by this technique. In addition, a stress model of SIMOX process is developed, which allows calculation of the stress distribution in buried silicon waveguides. The modeled stress from the stress model shows agreement with the measured stress provided via Raman spectroscopy. The stress model is also capable of analyzing the strain gradient in buried silicon waveguides. The work presented in this paper offers a new method to engineer strain in buried silicon waveguides, and also provides a model to analyze the stress and strain gradient of strained silicon waveguides. Compared with other methods of inducing strain in silicon, our method has the advantage of vertical integration (3-D integration) of strained-silicon-based devices with other optical and/or electronic devices on the same substrate, improving the device density and enhancing the functionality of the optical chip.
Fabrication of Buried Silicon Waveguides Using SIMOX 3-D Sculpting
The SIMOX process involves the implantation of oxygen ions into a silicon substrate, followed by a High Temperature Annealing (HTA) of the substrate in order to annihilate lattice defects and redistribute the implanted oxygen to form a buried oxide layer with an abrupt oxide-silicon interface. The implantation dose and energy determine the thickness and the depth of the buried oxide layer respectively. In order to obtain a high quality buried oxide and achieve low defect densities, the implantation dose should be within the range of 1 Â 10 17 -9 Â 10 17 ions=cm 2 , with implantation energies in the range of 40-200 KeV [21] . SIMOX 3-D sculpting, which is a modified form of conventional SIMOX, can be used to fabricate buried silicon waveguides. Fig. 1 depicts the process flow of SIMOX 3-D sculpting. The SOI substrate is patterned with a thermally grown oxide, and implantation of oxygen ions is performed. Where present, the oxide mask decelerates implanted oxygen ions, which then penetrate into the substrate. High temperature annealing annihilates lattice defects and catalyzes the formation of SiO 2 . A buried rib silicon waveguide is formed underneath the oxide mask. Oxidation of the SIMOX layer is accompanied by a 2.2-fold volumetric expansion based on the molar volume of SiO 2 compared with Si [22] . The volumetric expansion will induce stress in buried silicon waveguides, which is dependent on the annealing temperature and duration and can be engineered and controlled.
The fabrication of the buried silicon waveguide began with a h100i silicon-on-insulator (SOI) wafer with 0.65 m of silicon on top of a 0.4 m buried oxide layer (made using the SmartCut method at SOITEC Inc.). The SOI wafer was thermally oxidized and patterned using reactive ion etching to form an oxide mask of thickness 0.1 m with a width of 0.5 m. Then, the patterned wafer was implanted by oxygen ions having energy of 180 KeV with a dose of 5:0 Â 10 17 =cm 2 . The patterned mask was removed after implantation with the aim of forming a uniform SIMOX oxide layer. The implanted wafer was finally annealed at 1350 C to cure the implantation damage and catalyze the formation of silicon oxide. Fig. 2 shows the cleaved cross-sectional Transmission Electron Microscope (TEM) photograph of a buried rib silicon waveguide structure that was fabricated using the SIMOX 3-D sculpting technique. It is seen from Fig. 2 that a submicrometer buried rib silicon waveguide was formed, which was separated from the top silicon layer by the continuous and Si-island free SIMOX oxide layer. The top silicon layer can be utilized for fabrication of other optical and/or electronic devices, therefore vertical integration (3-D integration) of strained silicon with other optical and/or electronic devices on the same substrate can be realized. It should be noted that SIMOX 3-D sculpting can result in the formation of a discontinuous SIMOX oxide layer under non-ideal conditions [23] . In our fabrication, the conditions-implantation dose, implantation energy, annealing temperature and time-are optimized, which prevent discontinuities in the SIMOX oxide layer and the formation of Si-islands inside the SIMOX oxide layer.
Experimental Stress Measurement in SIMOX 3-D Sculpted Buried Silicon Waveguides
Raman spectroscopy is commonly used as a technique to study local mechanical stress in microelectronic devices and structures. It has the advantage of being a fast, nondestructive technique with micrometer spatial resolution. Stress σ is a second order tensor, and it is not possible to measure each component of the stress tensor. In order to perform the stress Raman measurements, some assumptions were made. For the SIMOX 3-D sculpted buried silicon waveguide shown in Fig. 2 the stress component xx along the waveguide (x direction) is small and can be omitted. In addition, the volumetric expansion of SIMOX layer can compress the buried silicon waveguide in the y and z direction. The compression in the y direction is applied on the left side and right side of the waveguide, so large stress is induced in the y direction of the waveguide, especially in the corners of the waveguide. However, volumetric expansion of SIMOX layer in the z direction raises the top silicon layer, and the compression in the z direction can be easily relieved. Therefore, the stress inside the waveguide in the z direction is much smaller compared with that in the y direction, and the stress component zz inside the waveguide in the z direction can also be ignored. Hence, the complexity of the stress tensor can be reduced to one component yy oriented along the y -direction. An Ar þ ion laser (514.5 nm wavelength) was used in the Raman measurements. A microscope in backscattering configuration was used to focus the laser beam on the cleaved cross-section [(110) plane] of the buried silicon waveguide with a spot diameter of 0.7 m. The laser spot only covers the buried silicon waveguide and two SiO 2 layers, so the contribution of top silicon and silicon substrate on the Raman spectrum can be ruled out. A polarizer was added to control the polarization of the incident laser light and the back-scattered light parallel to the y direction of the buried silicon waveguide. Based on the polarization selection rules, only the third phonon is observed. Hence, the relationship between the measured Raman peak shift Á! 3 ðcm À1 Þ and the stress component yy (Pa) is given by [24] yy ¼ À0:43 Â 10 9 Â Á! 3 ðPaÞ
whereÁ! 3 ðcm À1 Þ indicates the Raman frequency shift from the stress-free crystal silicon. Fig. 3(a) is the Raman spectrum from the stress-free silicon substrate of the same sample. Fig. 3(b) is the Raman spectrum from the SIMOX 3-D sculpted buried silicon waveguide. The spectra are fitted with a Lorentzian function in order to obtain the central position of the silicon Raman peak. The Raman peak of the stress-free silicon and buried silicon waveguide are 520.64 cm À1 and 521.02 cm À1 respectively. Hence, the Raman spectrum peak shift Á! 3 between the unstrained and strained area is 0.38 cm À1 . Based on equation (1), the stress component yy in the buried silicon waveguide is about À163 MPa. The minus sign of the stress indicates the stress is compressive stress. The stress value in the buried silicon waveguide is a rough estimation because the spot size of the laser beam, which is restricted by the diffraction limit of light, is larger than the waveguide. In addition, the volumetric expansion of SIMOX layer can induce more stress in the corners of the waveguide than that in the center of the waveguide [6] . The measured stress À163 MPa mainly represents the stress in the corners of the waveguide. The Raman measurement is sufficient for our purpose. Tip-Enhanced Raman Spectroscopy (TERS) can provide Raman spectroscopy with 10 nm spatial resolution [25] and can be used to obtain a map of localized stress in buried silicon waveguides. 
Stress Modeling of SIMOX Process
The detailed physical processes involved in SIMOX process are rather complex. However, stress formation via the SIMOX process can generally be understood as a competition between stress inducing oxide formation and stress relieving high-temperature annealing. These two competing processes are both strongly temperature dependent. Importantly, the oxide formation (stress inducing component) is reagent-limited (oxygen ion dose limited) and activated at a slightly lower temperature than the ideal annealing temperature, providing a measure of stress control.
Stress formation is described as follows. During the period of oxygen ions implantation, a large dose of reactive oxygen ions are implanted into the single crystal silicon and the oxygen ions supersaturate as the oxygen concentration grows. At the same time, oxygen ions react with silicon atoms to synthesize silicon oxide precipitates. Larger oxide precipitates grow (Ostwald ripening) at the expense of the smaller ones via diffusion. When the density of precipitates is high, such as when they are close to each other or they begin to touch, coalescence of adjacent precipitates occurs. These processes are accompanied by stress inducing volumetric expansion. Essentially, the silicon host crystal resists the 2.2-fold volumetric growth of the forming SiO 2 . High temperatures thermally catalyze these chemical processes to effect SiO 2 formation and induce stress. Conversely, stress relaxation is present during high temperature annealing because the formed SiO 2 presents viscoelastic behavior at 950 C or above [26] . Hence, damage due to ionic implantation and the stress induced by volumetric expansion of SiO 2 will be relieved with the annealed time. Fortunately, the rate constants of silicon oxidation can achieve maximum at about 1200 C [27] , which is lower than the temperature 1400 C for the maximum rate of stress relaxation [28] . The rate of silicon oxidation at 1200 C is 1.12 m=h, which is a fast oxidation process [27] . While the relaxation time (the time for stress relaxation to 1/e of the initial stress) of oxide at 1200 C is about 0.3 hour, and it is a slow relaxation process [28] . Moreover, there is +0.2 GPa stress in the top silicon of SIMOX SOI structure when the annealing temperature is at 1200 C [29] . Based on these experimental results, the rate of stress formation and stress relaxation with different annealing temperatures can be briefly illustrated in Fig. 4(a) . The rate of SiO 2 formation and concomitant stress creation outpaces the rate of stress relaxation when the temperature is at around 1200 C. Precise temperature control, coupled with careful control over annealing duration provides a convenient method to obtain defect-free highstress buried silicon waveguides.
The stress formation and stress relaxation in the oxide layer also depend on the annealing time. Based on the detailed physical processes of SIMOX, stress variation with annealing time can be determined. An example of stress variation with annealing time at annealing temperature 1200 C is shown in Fig. 4(b) . During ion implantation, the total stress is same as the stress formation, and both grow due to the reaction of accumulated oxygen ions and silicon atoms. At the beginning of annealing, the stress formation is dominated, and the total stress grows faster compared with that in the period of ions implantation because high temperature catalyzes the chemical reaction of oxygen ions and silicon atoms. The growth of stress formation slows down and finally does not change with the annealing time, because the concentration of free oxygen reduces as the reaction with silicon atoms completes. However, the tendency of stress relaxation increases. The competition between stress formation and stress relaxation results in slowing down the growth of total stress. After the total stress achieves its maximum value, the stress relaxation is completely dominated, and the total stress decreases until almost fully relaxed. However, accurate control of the annealing duration and temperature offers an attractive approach to engineer stress/strain in the buried silicon waveguides. We simplify the complex stress formation and stress relaxation into two steps. The first is stress formation inducing by volumetric expansion of the SIMOX layer, followed by stress relaxation. Stress formation caused by volumetric expansion of oxidation of the SIMOX layer is modeled and controlled by the coefficient of expansion. As shown in Fig. 5(a) , the SIMOX layer has a large coefficient of expansion, and its volume expands 2.2 times after high temperature annealing (HTA). However, volumetric expansion of Si and SiO 2 can be neglected. Stress relaxation of the SIMOX oxide layer is modeled by the generalized Maxwell model [30] , which is commonly used for viscoelastic system. As described in Fig. 5(b) , the generalized Maxwell model consists of a spring and a collection of Maxwell units in parallel. Each Maxwell unit contains a spring and a dashpot connected in series. Under constant strain " 0 , its stress relaxation function ðt Þ can be expressed by
where E i and i are the spring constant and viscosity (dashpot) constant, respectively, i is the relaxation time of Maxwell unit i, and " 0 is the constant strain. The constant strain " 0 depends on 2.2-fold volumetric expansion of SIMOX oxide. The relaxation time of the SIMOX oxide is determined by the combined relaxation time of each Maxwell unit. The spring constant E 0 determines final stress left in the SIMOX oxide layer. In the stress model, Si and SiO 2 are always elastic, and the property (elastic or viscous) of the SIMOX oxide layer is dependent on the annealing temperature.
Model Validation-Stresses in SOI Device Layer
The viscosity of oxide at different temperatures is reported in [31] , and the stress in the top silicon (device layer) induced by the SIMOX process is measured widely [29] , [32] - [34] . Therefore agreement between modeled and measured stress in the top silicon can be used to validate the stress model. The parameters of the relaxation behavior of the stress model were adjusted to fit the viscosity of oxide at different annealing temperatures. After determining the parameters of the stress model, the stress in the top silicon can be calculated. As shown in Fig. 6 , our modeled stresses in the top silicon of the SOI structure formed by SIMOX process are in agreement with the measured stresses. Furthermore, the agreement is valid over a range of temperatures. After validation, stress in SIMOX 3-D sculpted buried silicon waveguides can be analyzed using the stress model. The model's accurate prediction of top silicon stress supports our investigation stress in buried silicon waveguides.
Modeled Stress in SIMOX 3-D Sculpted Buried Silicon Waveguides
Stress modeling of SIMOX 3-D sculpted buried silicon waveguides is performed using COMSOL Multiphysics. Only 2-D stress in the y -z plane is modeled. Fig. 7(a) is the geometry for simulation, the blue area indicated by SIMOX is the silicon layer which was implanted by oxygen ions, and it will turn into the SIMOX oxide layer via annealing. It should be noted that the simulated buried silicon waveguide is rectangular and its dimensions are approximate to the dimension shown in Fig. 2 . Fig. 7(b) shows the SIMOX 3-D sculpting structure after volumetric expansion and stress relaxation. By comparing Fig. 7(a) and (b), we can observe that the SIMOX layer expands 2. 2 times. The stress component yy of the whole SIMOX 3-D sculpting structure is shown in Fig. 7 (c). There is a compressive stress in the buried silicon waveguide, and the stress is larger in the corners of the waveguide than that in the center of the waveguide. The stress is about À160 MPa in the corners of the waveguide, while the stress in the center of the waveguide is about À50 MPa. The simulated stress in the corners of the waveguide is in agreement with the measured stress in Section 3. In addition, the compression in the z direction caused by the volumetric expansion of SIMOX layer can be easily relieved as discussed in Section 3; therefore, the stress component zz inside the waveguide is almost zero, as shown in Fig. 7(d) . The stress model not only provides an analytic method to calculate the stress distribution in strained silicon waveguides, but is capable of analyzing the strain gradient in strained silicon waveguides as well. As shown in Fig. 7(e) , the strain component " yy in the center of the waveguide increases from the bottom to the top of the waveguide. The inhomogeneous strain can break the symmetry of the silicon. For the strain engineering method of silicon nitride deposition, the induced stress in the silicon can be controlled by the deposition parameters, and a reported stress in a silicon induced by this method is 1.2 GPa [4] . For growing silicon layer on top of a silicon-germanium Si 1Àx Ge x buffer layer, the lattice mismatch between the silicon and silicon-germanium will cause stress in the top silicon layer, and the stress can be adjusted by the Ge concentration x of the Si 1Àx Ge x layer. A tensile strain of 1.08% (tensile stress 1.41 GPa) was induced in the channel direction of an n-type field-effect transistor using this method [35] . Although the stress (À163 MPa) in our fabricated silicon waveguide is lower than the aforementioned stresses, but it can be increased if the annealing temperature and/or time are reduced. As shown in Fig. 6 , the stress in the top silicon layer is about 0.6 GPa when the SIMOX annealing temperature is at 1100 C. Multiple SIMOX parameters can be controlled to perform strain engineering, and therefore, the stress on the GPa magnitude in the SIMOX 3-D sculpted buried silicon waveguides can be obtained while the parameters are optimized. It should be noted that poor uniformity of the SIMOX oxide layer and high defect density may be caused in the buried silicon layer at a lower annealing temperature and shorter annealing time. Therefore, the parameters of SIMOX should be controlled suitably to realize both large stress and low defect in buried silicon waveguides.
Conclusion
We fabricated a buried silicon waveguide using SIMOX 3-D sculpting. The buried silicon waveguide is strained by the volumetric expansion of SIMOX oxide layer. The stress in the buried silicon waveguide was measured via Raman spectroscopy. In addition, we developed a stress model of SIMOX process, and validated the stress model using the stresses in SOI device layer. The modeled stress shows agreement with the measured stress in the buried silicon waveguide. Our strain engineering method has the advantage of 3-D integration of strained-silicon-based devices with other optical and/or electronic devices on the same substrate, and it has great promising applications in boosting transistor performance, creating electro-optical material, controlling birefringence of the silicon waveguides, and so on.
